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ABSTRACT: Biodiesel derived from transesterification of soy-
bean oil and methanol is an attractive alternative fuel for com-
bustion in direct-injection compression ignition (diesel) engines.
During long-term storage, oxidation due to contact with air (au-
toxidation) presents a legitimate concern with respect to main-
taining fuel quality of biodiesel. This work examines the effects
of oxidation under controlled accelerated conditions on fuel
properties of methyl soyate (SME). SME samples from four sepa-
rate sources with varying storage histories were oxidized at ele-
vated temperature under a 0.5 standard cm?®/min air purge and
with continuous stirring. Results showed that reaction time sig-
nificantly affects kinematic viscosity (v). With respect to increas-
ing reaction temperature, v, acid value (AV), PV, and specific
gravity (SG) increased significantly, whereas cold flow proper-
ties were minimally affected for temperatures up to 150°C. An-
tioxidants TBHQ and a-tocopherol showed beneficial effects
on retarding oxidative degradation of SME under conditions of
this study. Results indicated that v and AV have the best poten-
tial as parameters for timely and easy monitoring of biodiesel
fuel quality during storage.
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Biodiesel (FA monoalkyl esters derived from vegetable oil or
animal fat) is nearly ideal as an alternative fuel or fuel exten-
der for combustion in direct-injection compression ignition
(diesel) engines. Biodiesel has many fuel properties, includ-
ing viscosity, gross heat of combustion, and cetane number,
that are comparable to those of No. 2 diesel fuel (1-4). The
lubricity characteristics of biodiesel allow improvement of
antiwear properties in blends with low-sulfur No. 2 diesel fuel
(5). In blends with conventional diesel fuel, biodiesel reduces
exhaust emissions including particulate matter, hydrocarbons,
polycyclic aromatic hydrocarbons, sulfur dioxide, carbon
monoxide, and smoke (1,4,6—11). Biodiesel has a negative
carbon dioxide balance and produces more than twice the en-
ergy required to create it (6,9).

The effects of oxidative degradation caused by contact
with ambient air (autoxidation) during long-term storage pre-
sent a legitimate concern in terms of maintaining fuel quality
of biodiesel. Biodiesel derived from transesterification of soy-
bean oil and methanol is a mixture of unsaturated and satu-
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rated long-chain (C,5) FA esters. Methyl soyate (SME) is
composed of 80-85 wt% total unsaturated esters and has a
relatively high degree of polyunsaturation. Unsaturated com-
pounds are significantly more reactive to oxidation than satu-
rated compounds; increasing the degree of unsaturation fur-
ther increases reactivity (12).

Oxidative stability is not recognized as a parameter in the
American Society for Testing and Materials (ASTM) provi-
sional fuel standard guideline for biodiesel, PS121 (13), be-
cause cumulative effects of autoxidation on engine perfor-
mance and emissions are difficult to quantify. Autoxidation is
known to affect kinematic viscosity (v), acid value (AV), and
PV (14-17). Two of these parameters, v and AV, are among
the specifications listed within PS121, and extensive oxida-
tion may increase either of these parameters beyond their
maximal limits. Although PV itself is not listed as a parame-
ter in the biodiesel fuel specification, formation of hydroper-
oxides caused by oxidative degradation during storage is
known to influence cetane number (18,19), a parameter that
is listed within PS121.

Oxidative degradation also presents a concern during stor-
age of biodiesel/No. 2 diesel fuel blends (20,21). In addition
to effects on v, AV, and PV, extensive degradation may pro-
duce insoluble high-M.W. polymers that clog fuel lines and
filters or lead to injector coking, incomplete combustion, and
engine deposits.

The many ways in which autoxidation can compromise
biodiesel fuel quality necessitates development of approaches
for boosting resistance to oxidation. The work reported herein
seeks to quantify effects of oxidative degradation on selected
fuel properties under controlled, accelerated conditions. Sam-
ples from four independent producers of SME biodiesel with
varying storage histories were collected and oxidized at tem-
peratures in the range 50-200°C. Reactions were conducted
on mechanically stirred sample mixtures with a slow-bub-
bling air purge. Effects of reaction time and temperature on
fuel properties were determined. Fuel properties evaluated
before and after oxidation included v (40°C), AV, PV, specific
gravity (SG, at 15.6°C relative to water at 15.6°C), cloud point
(CP), and pour point (PP). Effects of TBHQ and a-tocoph-
erol antioxidants on change in fuel properties following oxi-
dation were also evaluated. Finally, results were analyzed
quantitatively and on the basis of timeliness and ease of mea-
surement to identify which fuel properties have the best po-
tential for development as parameters for monitoring fuel
quality during storage.
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EXPERIMENTAL PROCEDURES

Materials. SME samples were collected from four different
fuel producers. To remove bias, identities of the producers will
not be disclosed. Instead, the fuels were arbitrarily designated
as SME-X where X € (A, B, C, D) distinguishes the product
by producer. Three samples were obtained from the ADEPT
Group (Los Angeles, CA) and the fourth from the National
Biodiesel Board (Jefferson City, MO). Listed in Table 1 are
results from GC analyses of FA compositions of these materi-
als. Antioxidants were +a-tocopherol (95 wt%) from Aldrich
Chemical Co. (Milwaukee, WI) and TBHQ (97%) from Sigma
Chemical Co. (St. Louis, MO).

Methods. Oxidation reactions were conducted in the labo-
ratory under varying time and temperature conditions. With
respect to determining effects of oxidative degradation on
biodiesel fuel properties, reaction conditions were designed
to produce measurable changes in most fuel properties in
a relatively short time. Sample mixtures were placed in a
three-necked round-bottomed flask and heated by a mantle
connected to a Variac controller (Bristol, CT). Reaction tem-
perature was regulated manually using the controller and a
thermometer immersed in the sample. Throughout the reac-
tion, clean, dry air was bubbled slowly through the sample
mixture and a water-cooled condenser used to minimize evap-
orative losses. Air flow rate was manually regulated at a con-
stant 0.5 standard cm®/min (SCCM) with an Aldrich digital
flow meter. Contents of the flask were stirred by a magnetic
stirrer from Cole-Parmer (Chicago, IL) to minimize wall ef-
fects and keep the mixture homogeneous through the dura-
tion of the reaction.

Apparatus and procedures for measuring v at 40°C, CP,
and PP data were summarized previously (22). AV data were
measured in accordance with American Association of Ce-
real Chemists’ (AACC) method 58-15 (23). The AACC
method is essentially equivalent to the American Oil
Chemists’ Society (AOCS) method Cd 3a-63 except it allows
use of a less hazardous solvent (95 vol% ethanol) for titra-
tion. AOCS method Cd 8-53 (24) was used to measure PV
and method Cc 10a-25 (25) to measure SG at 15.6°C relative
to water at 15.6°C.

TABLE 1
GC Analysis? of Methyl Soyate (SME) Samples?

16:0 180 181 18:2 18:3  Other
Sample (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
SME-A 11.2 4.3 22.6 51.2 9.9 0.8
SME-B 12.9 5.5 24.5 45.6 8.0 3.5
SME-C 11.7 4.3 24.8 50.8 8.4 —
SME-D 10.7 3.6 22.8 55.5 7.5 —

“Analyses were conducted on a PerkinElmer Autosystem GC with a 25 m x
0.32 mm i.d. BPX70 column from SGE (Austin, TX). Temperature program:
hold at 50°C (5 min), ramp at 10°C/min to 250°C, hold at 250°C (10 min).
bip SME-X, ‘X’ designates biodiesel fuel producer; 16:0 = hexadecanoate;
18:0 = octadecanoate; 18:1 = oleate; 18:2 = linoleate; 18:3 = linolenate.
€0.3% eicosanoate (20:0) for SME-A; 3.0% tetradecanoate for SME-B; trace
(<0.1%) 20:0 for SME-C.
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RESULTS AND DISCUSSION

Earlier work by Thompson et al. (14), Bondioli et al. (15),
and du Plessis et al. (16,17) examined effects of long-term
storage on fuel quality of biodiesel. These studies concluded
that degradation can increase AV, PV, v, anisidine value, UV
absorption, and density (SG) for storage temperatures as low
as 30°C. Results varied depending upon characteristics of the
container, presence or absence of light, presence or absence
of air, and treatment with an oxidation inhibitor (antioxidant).
Test methods employed in these studies were designed to de-
liver results under realistic conditions. Consequently, these
storage studies were conducted over very long time periods
(90 d to 2 yr).

It is advantageous to develop an easy and timely means to
measure effects of oxidation on fuel properties of biodiesel.
The present work examines the approach of determining ef-
fects of oxidation of biodiesel under controlled accelerated
conditions (that is, elevated temperature and continuous air
purge) on v, AV, PV, SG, and cold flow properties (CP and
PP). Advantages of treating SME with antioxidants were also
investigated.

Effects of reaction time and temperature on v at 40°C. Fig-
ure 1 is a graph of v vs. time () data for oxidation of SME-D
at reaction temperatures (7) of 50, 75, and 100°C. These data
show that under conditions of this study, within ¢ = 6 h oxida-
tion of 200 mL of biodiesel significantly increased v without
exceeding the maximum limit of 6.0 mm?/s specified by
PS121 (13). Subsequent analysis of effects of oxidation on
fuel properties was conducted with respect to a maximal re-
action time of 6 h.

Examination of Figure 2 provides some insight into the ki-
netics of oxidation of 200 mL SME-D at T = 100°C under
conditions of this study. Least-squares regression analysis
(excluding the outlier at t = 24 h) yielded the line drawn
through the data and represented by the following equation:

In[Vge,] = 0.01 +0.03258(7) 1]
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FIG. 1. Kinematic viscosity (v) of oxidized methyl soyate esters (SME-D)
at 40°C vs. reaction time (¢). Reaction temperatures = 50°C ([); 75°C
(O); 100°C (A). SCCM, standard cm?/min.
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FIG. 2. Relative viscosity (vg,) of oxidized SME-D vs. t. vy, = ratio of
viscosity of oxidized SME-D to that of nonoxidized esters (v, = 4.1
mm?/s at t = 0). See Figure 1 for abbreviations.

Vrel = Vg 2]

where vp, = relative viscosity and v, = viscosity before oxi-
dation = 4.1 mm?¥/s. For Equation 1, R?= 0.999, and the stan-
dard error of the y-estimate (oy) =0.021. Including the outlier
in the analysis reduced R? to 0.98. Similar analyses yielded
the following results (not shown graphically):

In[Vgg] = 0.001 +0.01746(7) 3]

where R? = 0.9999 and o, = 0.0039 for oxidation at 7' = 50°C;
and

In[vge] = 0.03 +0.02596(1) [4]

where R = 0.994 and o, = 0.043 at T = 75°C. These results
indicate that oxidation of SME-D follows first-order reaction
reaction kinetics for 7 < 48 h, under conditions of this study.
Figure 3 is a plot of v vs. reaction temperature for oxida-
tion of 100 and 200 mL of SME-D (7 = 6 h). After oxidation
at T = 50°C, v = 4.3 mm?%/s (100 mL) and 4.2 mm?/s (200
mL). These results were within + 0.2 mm?/s of v, measured
before oxidation; therefore, it may be speculated that very lit-
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FIG. 3. Kinematic viscosity (v) of oxidized SME-D at 40°C vs. reaction
temperature (T). Volume = 100 mL (H); 200 mL (A). See Figure 1 for
abbreviations.
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tle change in v would be expected for oxidation at 7" below
50°C for air flow rate = 0.5 SCCM and = 6 h.

On the other hand, following similar oxidation at 7 equal
to or exceeding 75°C, v increased significantly. Furthermore,
smaller sample volumes showed a higher degree of increase
in v. This was likely caused by a larger initial quantity of oxy-
gen and its rate of replacement from the air-purge relative to
fatty material on a molar basis during the reaction for the
smaller volume samples. Only the 100-mL sample oxidized
at T = 50°C remained within the limits for v (1.0-6.0 mm2/s)
specified in PS121 (13).

Effects of reaction temperature on fuel properties of SME.
A comparison of v data measured before and after oxidation
of 100 mL of SME-A, SME-B, SME-C, and SME-D at T =
75 and 125°C is shown in Table 2. Analogous to data in Fig-
ure 3, v consistently increased with increasing 7. In addition,
regardless of temperature, all oxidized samples gave v values
that exceeded the aforementioned PS121 maximum limit (6.0
mmz/s).

Figure 4 is a graph of AV vs. reaction temperature for oxi-
dation of 100 mL of SME-D at ¢ = 6 h. Prior to oxidation, AV
equaled 0.16 mg KOH/g oil (Table 2). These data indicate
that increasing 7" from 50 to 150°C results in a nearly linear
increase in AV. Least-squares regression (omitting the outlier
at 100°C) yielded the following expression:

AV =-1.68 + 0.03832(T ) [5]

where AV is in mg KOH/g oil, T is in °C, R? = 0.999, and
0, = 0.053. Including the outlier in the regression analysis re-
duced R? to 0.98.

Given that Equation 2 predicts a zero AV-value at T =
43.8°C, it may be inferred that oxidation of SME-D at T less
than 44°C (0.5 SCCM air-purge and ¢ = 6 h) will not result in
a significant increase in AV. Furthermore, under these condi-
tions Equation 2 suggests that oxidation will not drive AV of
SME-D above the maximum limit (0.80 mg KOH/g oil) spec-
ified in PS121 (13) for T less than 64.7°C.

A comparison of AV data measured before and after oxi-
dation of SME-A, SME-B, SME-C, and SME-D at T'="75 and
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FIG. 4. Acid value (AV) of oxidized SME-D vs. reaction temperature (T).
See Figure 1 for abbreviations.
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TABLE 2
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Kinetic Viscosity [v (40°C)], Acid Value (AV), and Peroxide Value (PV) of SME Before (t = 0) and After Oxidation

at 75 and 125°C?

v (mm?%/s) AV (mg KOH/g oil) PV (meg/kg oil)
Ester Antioxidant” ~ t=0  75°C  125°C  t=0 75°C  125°C  t=0  75°C  125°C
SME-A None 4.4 6.9 11.3 0.65 1.61 4.22 5.9 13.4 9.7
SME-B None 4.4 6.4 10.3 0.69 1.47 4.11 16.7 20.2 6.5
SME-C None 5.2 7.1 11.6 0.58 1.52 4.56 28.2 9.4 7.8
SME-D None 4.1 6.8 11.1 0.16 1.21 3.05 57.0 18.2 10.3
SME-D TBHQ 4.3 4.3 8.6 0.26 0.36 3.89 30.8 33.2 33.1
SME-D a-Tocopherol 4.3 6.5 10.2 0.20 1.05 4.44 36.1 38.4 36.1

“Purge gas = air at 0.5 SCCM (cc/min at 25°C, T atm); volume

breviations.

bLoading =2000 ppm.
125°C is shown in Table 2. Analogous to the data in Figure 4,
AV consistently increased with increasing 7. Also, regardless
of temperature, all oxidized samples gave AV results that ex-
ceeded the aforementioned PS121 limit (0.80 mg KOH/g).

Figure 5 is a graph of PV vs. reaction temperature for oxi-

dation of SME-D under conditions identical to those for Fig-
ure 4. Least-squares regression gave the following equation:

PV =285 -0.1451T [6]

where PV is in meq/kg oil, T is in °C, R? = 0.994, and o, =
0.62. In contrast to AV results, PV decreases linearly with re-
spect to increasing 7, approaching zero near 7= 196°C.

A comparison of PV data measured before and after oxi-
dation of SME-A, SME-B, SME-C, and SME-D at T'=75 and
125°C is shown in Table 2. Verifying results shown in Figure
5, PV consistently decreased with increasing 7 from 75 to
125°C. At T =75°C, PV for SME-A and SME-B increased
following oxidation, where values for SME-C and SME-D
decreased. At T = 125°C, only SME-A showed an increase in
PV following oxidation.

During initial stages in the oxidation of fatty derivatives,
primary products such as hydroperoxides increase in concen-
tration, causing PV to increase. These stages are defined col-
lectively as the induction period. Following the induction pe-
riod, decomposition of the hydroperoxides yields a mixture

25
20 : Volume =100 mL
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FIG. 5. PV of oxidized SME-D vs. reaction temperature (T). See Figure 1
for abbreviations.
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=100 mL; reaction time () = 6 h; see Table 1 for other ab-

of secondary products including short-chain carboxylic acids,
ketones, epoxides, and mono- and dihydroxy compounds
(12). Eventually, the rate of disappearance of hydroperoxides
exceeds formation, causing PV to decrease from a maximum.
This phenomenon was observed previously for SME (26),
methyl esters of palm olein (27), and various alkyl esters of
safflower oil (28).

Another condition that affects formation and decomposi-
tion of hydroperoxides is the relative availability of oxygen.
Canakci et al. (29) reported that for oxidation of SME at 60°C
for 6 h, increasing oxygen flow rate from 0.26E-06 to 1.8E-06
kg/s increased PV. Apparently, increasing oxygen flow rate
increased the quantity of available oxygen for reaction. Simi-
lar responses were reported for v and AV data.

It is likely that the air flow rate of 0.5 SCCM (= 9.9E-08
kg/s) translated into a low rate of replacement of oxygen
relative to its consumption during the reaction. Thus, under
conditions of this study it is possible that formation of hy-
droperoxides was retarded, keeping PV low. Second, once the
induction period expired, formation of secondary products
decreased PV.

Another implication of a relatively low rate of oxygen re-
placement is an increased likelihood that thermal decomposi-
tion predominates during the reaction. Thermal degradation
can result in increased v and AV, while increases in PV gen-
erally depends on the presence of oxygen. PV data from this
work showed that, although thermal degradation is more
prominent at higher temperatures, oxidative degradation is
significant for SME-A and -B at T up to 75°C.

Bondioli et al. (15) studied oxidative stability of rapeseed
oil FAME and reported that storage temperature strongly in-
fluenced the path of oxidation. Aging of the esters under rela-
tively mild conditions (40°C, darkness, glass containers) did
not affect fuel quality with respect to CP, PP, v, flash point,
SG, or cold filter plugging point. CP and PP data measured
before and after oxidation of SME-A, SME-B, SME-C, and
SME-D at T'=75 and 125°C (Table 3) agree with these con-
clusions.

Although not all results are shown in Table 3, oxidation of
SME-D at T in the range 50-150°C yielded mean values for
CP of 0 = 1.7°C and PP of —-0.4 + 0.55°C. In contrast, oxida-
tion of SME-D at T = 200°C decreased CP to —10°C and PP
to —12°C, values that deviated significantly from correspond-
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TABLE 3
Specific Gravity and Cold Flow Properties of SME Before and After Oxidation at 75 and 125°C?

SG* CP (°C) PP (°C)

Ester Antioxidant? t=0 75°C t=0 75°C 125°C t=0 75°C 125°C
SME-A None 0.8884 0.9107 -1 -1 3 -2 -2 2
SME-B None 0.8871 0.9044 1 0 2 -1 -1 1
SME-C None 0.8962 0.9134 -2 -2 2 -4 -2 2
SME-D None 0.8813 0.9111 0 -1 1 -2 -1 -1
SME-D TBHQ 0.8875 0.8875 -2 -3 -1 -2 -2 -1
SME-D a-tocopherol 0.8879 0.9082 -2 -2 0 -2 -2 0

9Reaction conditions same as for Table 2. CP = cloud point; PP = pour point; SG = specific gravity; see Table 1 for other

abbreviations.
bLoading = 2000 ppm.
‘At 15.6°C relative to distilled water at 15.6°C.

ing results at lower temperatures. Apparently, oxidation at
200°C caused decomposition into products with low m.p.,
such as those with lower M.W. or an increased degree of
branching in their molecular structure.

In contrast to cold flow property results, oxidation gener-
ally increased SG of SME (Table 3). For SME-A, SME-B,
SME-C, and SME-D, the mean SG value before oxidation
was 0.887 = 0.0065. Although the increase in SG after oxida-
tion at 7 = 75°C was statistically significant (P < 0.03 for
SME-C) for all four samples, the average increase was rela-
tively small (0.0217). On the other hand, oxidation of SME-
D at 7 =50°C (not shown in Table 3) resulted in no signifi-
cant increase in SG (0.8889, P = 0.44 for equivalent means).

Effect of antioxidants on oxidation of SME. Results from
oxidation of SME-D treated with 2000 ppm of antioxidants
TBHQ and a-tocopherol are shown in Tables 2 and 3. At T =
75°C, oxidation of 100 mL of SME-D + TBHQ did not result
in v or AV values exceeding corresponding maximal fuel
specifications (6.0 mm?/s; 0.80 mg KOH/g) with respect to
PS121 (13). Although a-tocopherol was effective in reducing
effects of oxidation on v and AV, oxidation at 7' = 75°C in-
creased both parameters slightly in excess of the aforemen-
tioned PS121 specifications. PV, CP, PP, and SG results
showed very little deviation before or after oxidation regard-
less of T.

These results showed that oxidation of 100 mL of SME-D
+ TBHQ at T'= 75°C likely did not exceed its induction pe-
riod. Although less likely, oxidation of SME-D + a-tocoph-
erol at the same 7 may not have exceeded its induction period
even though both v and AV were outside of the aforemen-
tioned PS121 limits.

The results also showed an increase in PV with increasing
T, implying that available oxygen was sufficient given the rel-
atively low rate of hydroperoxide formation expected for
SME-D treated with antioxidants.

Monitoring of oxidative stability during storage. Periodic
monitoring of biodiesel during storage may be necessary to en-
sure effects of autoxidation do not compromise fuel quality. Al-
though the results reported in this work were for oxidation at
T = 50°C and higher, they may be useful in determining which

parameters have the best prospects for development of meth-
ods for monitoring biodiesel fuel quality under realistic storage
conditions. The following four recommendations should be ex-
amined more thoroughly in future studies.

(1) Both v and AV showed the greatest potential in terms of
timely and relative ease of measurement. Either of these pa-
rameters should provide insight to determine whether storage
conditions are adequate or need to be upgraded. Either param-
eter should also provide quantitative information on status of
the fuel before its oxidation induction period has expired.

(i) SG may also be useful. However, changes in SG mea-
sured at 15.6°C before and after reaction were relatively small
under the conditions of this study.

(iii) CP and PP are not useful for evaluating the nature of the
fuel before its induction period has expired. They may be useful
once the fuel begins to exhibit extensive thermal degradation.

(iv) During storage, availability of unreacted oxygen is an
important condition. It is likely that fuel kept in very full,
sealed storage containers will have longer induction periods.
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